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SUMMARY OF STUDIES TO REDUCE WING-MOUNTED PROPFAN INSTALLATION DRAG ON AN
M =0.8 TRANSPORT
Ronald C. Smith, Alan D. Levin, and Richard D. Wood

Ames Research Center

In the development of a new class of fuel-efficient, high-speed, propeller transports, the uncertainty in
predicting power plant installation losses was viewed as a critical area in need of study. Of particular concern
for wing-mounted power plants was the likelihood of strong aerodynamic interactions between the propeller
slipstream and the wing-supercritical flow zone which could degrade wing performance to the point of negat-
ing the propeller’s efficiency advantage.

In response to this need, a fully-instrumented, propfan (descriptive name given to the spectrum of current
high-speed M = 0.8 propeller designs) powered transport model was developed by NASA and was tested in
the Ames Research Center Transonic Wind Tunnels at M, = 0.6 to 0.82. The baseline model was designed

" for a cruise M = 0.8 and incorporated a straight, under-the-wing nacelle. No attempt was made to integrate

the design of the nacelle with the wing. Pressure-distribution data and oil-flow visualization studies on the
baseline model configuration revealed limited flow separation caused by the nacelle and more severe separa-
tion caused by the further addition of the propeller slipstream.

Using insight gained from the analysis of these data, and comparisons with corresponding analytical
results, modifications to the baseline wing were developed and incorporated into the model. This second
series of powered tests provided both force and pressure data which, along with substantiating oil flow
studies, showed vastly improved performance for the modified-wing configuration. The installed power plant
drag was reduced from 20% to 5% of the total airplane drag. Both wing-mounted configurations caused
unstable pitching moments in combination with a negative shift in Cy, of about -0.05. A brief unpowered
test of a new contoured over-the-wing nacelle designed in combination with the basic wing greatly reduced

the lift loss caused by the straight, under-the-wing, baseline nacelle.

INTRODUCTION

The work described herein summarizes the progress made
in achieving a low-drag, wing-mounted, propfan installation
on a twin-engine transport aircraft designed for M = 0.8. This
power-plant installation work is being conducted at Ames
Research Center as part of NASA’s Advanced Turboprop
Program. Details of the overall program are given in
reference 1.

The program has included cost/benefit system studies by
aircraft companies. These studies have invariably predicted
lower operating costs for propfan transports than for turbo-
fan aircraft using equal-technology-core engines. (Refer-
ences 2 and 3 contain bibliographies listing over 40 separate
references to these and other related works generated by the
program.) The studies, e.g., reference 4, while adding cre-
dence to the program, have also pointed out critical areas
where technical information was lacking, requiring assump-
tions to be made to complete the performance profiles for
propfan aircraft.

Among the critical areas, installation losses were found to
have a particularly large effect on the projected fuel savings.
In the studies, the assumed installation losses varied from 6%
to 15% of the airplane’s total drag. The sensitivity of the fuel

savings to this range of installation losses is shown in figure 1
for the study airplane of reference 4. The sensitivity formulas
used to calculate the curves in figure 1 are derived in the
appendix. The corresponding savings in cruise fuel consump-
tion for the propfan varied widely from 12% to 2.5% over
the equal-technology turbofan. Thus, the early definition of
the installed thrust took on a high degree of importance in
the overall program. The broken curve shown in figure 1 is
for a propfan airplane having the same empty weight as the
equal-technology turbofan. The substantial further improve-
ment in fuel consumption shown for this hypothetical air-
plane illustrates the need for accurate definition of acoustic
treatment weight needed to isolate the cabin from the prop-
fan noise.

In an early attempt to obtain definitive data on the incre-
mental drag caused by slipstream/wing interaction effects, a
wing/body model was tested with its left wing positioned in
the wake of an ejector-driven slipstream simulator. This test
was conducted in the Ames 14-Foot Wind Tunnel by the
Douglas Aircraft Company under an Ames contract. Results
from this test are reported in reference 5. Figure 2 shows a
model/simulator arrangement and some typical results. The
plot shows the variation of slipstream incremental drag with
swirl angle, and it compares the test data with the corre-
sponding values calculated from lifting line theory. The test



results did not exhibit the expected favorable interference at
the moderate swirl angles that are typical of a propfan (about
6°), although favorable interference did occur for 11° of
swirl. One deficiency of the simulator used in the test was
the inability to duplicate the actual propfan slipstream pro-
file. The simulator total pressure profile is compared in
figure 3 with that for a propfan. The large differences near
the edge of the wake are due to the mixing of the simulator
boundary layer with the ejector-driven stream. Even if the
simulator test results were roughly correct, the nacelle effects
would still be needed to complete the total installed drag

penalty; hence, the extent of the propfan fuel savings

remained uncertain. However, the results did indicate that
the slipstream effects were not so severe so as to negate the
entire performance advantage of the propfan.

To assess the installed performance of the entire propul-
sion system, Ames embarked on the development of an
active-propeller, semispan wind-tunnel model. Assessment of
installed-nacelle and slipstream-drag increments requires
incorporating some highly specialized instrumentation into
the model as well as having the capability of testing the
various stages of configuration buildup. The Ames active-
propeller model was designed to test clean-wing, wing/nacelle
with jet effects, and wing/nacelle/prop configurations. The
general layout of the major model components is shown in
figure 4. Nacelle length measured from the hub base is
1.17 prop diameters. The air turbine motor, built by Tech
Development, Inc., supplies up to 600 kW (800 hp) to the
SR-2C propfan (diam = 62.23 cm) allowing a model scale to
be selected which permits testing at Reynolds numbers up
to 15 million based on the wing mean aerodynamic chord.
Mechanical details of the model, instrumentation, and testing
capabilities are further discussed in reference 6. The methods
for determining slipstream interference drag and propeller
net thrust are also described in reference 6.

During the first model tests the fuselage was isolated from
the floor balance (nonmetric) by a soft seal at the wing/body
juncture. Pressure data from this first test showed that the
addition of the nacelle and propeller caused significant
changes in the wing span loading. Figure 5 shows typical data
for M = 0.8 which suggests that significant changes in loading
extend inboard of the wing-body juncture. With the non-
metric body arrangement, the floor balance did not record
the body carry-over lift. Subsequent testing was carried out
with the body fastened rigidly to the wing.

For the Ames propfan installation tests, emphasis was
placed on wing-mounted engine configurations with a target
cruise M = 0.8. The supercritical wing/body geometry of
the model used in the slipstream simulator test was selected
for combination with an under-the-wing (UTW) propfan
nacelle. The nacelle configuration, shown in figure 4 with
the inlet faired over, represents the “fan offset high-UTW
engine” arrangement described by Gatzen and Hudson in
reference 7. Their sketch showing five candidate propulsion

system arrangements is reproduced in figure 6. The chosen
arrangement uses the gearbox offset to provide maximum
propeller ground clearance for a low-wing aircraft with UTW
engines. A general preference for UTW installations is based
upon both aerodynamic and practical considerations. First,
the UTW arrangement should produce less disturbance of
the wing upper-surface supersonic flow, and second, engine
accessibility for maintenance is greatly improved. In addi-
tion to these, fire hazard avoidance may require extending
the tailpipe of an over-the-wing (OTW) engine back to the
wing trailing edge. This is likely to burden the OTW arrange-

ment with additional x'x're}ght and pnr{‘nrmonna nenalties

ment with addition erformance penal
which need to be evaluated in further testing.

For the Ames baseline nacelle/wing configuration, no
attempt was made to avoid adverse interference even though
such interference was discussed in some of the studies (e.g.,
see ref. 8, sec. 5.7F) and was considered highly likely.
Instead, the performance of the baseline was established and
then modifications for reduced interference were made using
the detailed baseline data and available analytical methods.
Detailed pressure distributions, flow visualization techniques,
and wake surveys were used as diagnostic tools to locate
undesirable flow conditions that were induced by the prop.
This step-by-step approach was expected to lead to a good
understanding of the complex flow interactions likely to
dominate the aerodynamic characteristics of supercritical,
wing-mounted, propfan installations. Furthermore, although
higher propulsive efficiencies were known to be available at
lower cruise speeds, the target cruise M = 0.8 was retained
because it represented, as the practical upper limit for the
propfan, the most difficult condition for wing/propfan inte-
gration. The tests reported herein were conducted over a
range of Mach numbers so that the off-design characteristics
of the present configuration could be compared with config-
urations optimized for lower cruise speeds.

The work described in this report compares test results for
the baseline UTW installation with a modified configuration
designated “MOD 3 Wing” which resulted from the first
redesign cycle. The redesign work was done by the Douglas
Aircraft Company after extensive analysis of data from initial
tests of the baseline configuration. The test results that were
used and the description of the redesign procedure are dis-
cussed in references 6 and 9, respectively. Some aspects of
the redesign process are also discussed in this report. The
present tests were conducted on both the baseline configura-
tion and on the Mod 3 Wing in the Ames 11-Foot Transonic
Wind Tunnel at Mach numbers from 0.6 to 0.8 at angles of
attack from -2° to +4°. Force and moment measurements
were made on the wing/body/nacelle using a five-component
strain gauge floor balance. Propeller forces and moments
were measured using a six-component rotating strain gauge
balance located in the hub. Detailed wing/nacelle pressure
measurements were made and fluorescent oil flow visualiza-
tion studies were conducted.
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RESULTS AND DISCUSSION

Propulsion System Drag

Baseline configuration— Lift vs drag polars are used to
determine propulsion system drag increments at lift coeffi-
cients representative of the cruise condition. The M_, = 0.75
and M_, = 0.8 polars for the baseline configuration are pre-
sented in figure 7. Polars for wing/body and wing/body/
nacelle/prop are shown by faired curves and symbols.
Polars for the wing/body/nacelle are shown without symbols
because these polars represent data which are interpolated to
match the jet exhaust pressure ratio corresponding to the
wing/body/nacelle/prop configuration. For these two pow-
ered configurations, these data have been adjusted for the
appropriate components of the propeller net thrust and/or
exhaust jet thrust in accordance with the method derived in
reference 6. The drag increments caused by adding the
nacelle and the nacelle/prop are obtained by differencing
these polars at Cy = 0.5. The increments are plotted against
Mach number in figure 8. The measured drag of the isolated
nacelle is included on the figure for comparison. The isolated
nacelle was tested using a conventional sting mount with the
sting entering through the base. Base pressures were mea-
sured and integrated to adjust the isolated nacelle data. The
instailed naceile drag is siightly higher than the isoiated
nacelle drag at M_, = 0.6. This difference has been attributed
to separation at the wing-nacelle intersections. At higher
speeds, the installed drag increases until, at M, = 0.8 it is
about twice the value at M_, = 0.6. This early drag-rise is
produced by the formation of a strong shock wave on the
inboard wing panel as indicated by the pressure data shown
in figure 9. Further confirmation is offered by the accom-
paning oil-flow photo presented in figure 10 which shows a
normal shock with a separation bubble behind it.

When the prop is added, a large increase in drag is induced
by the slipstream. This increase is noted on figure 8 as Cp,
the slipstream interference drag. The total propulsion system
drag increment reached a value of 0.0079 at M_, = 0.8. This
level represents more than 20% of the total airplane drag and
is considered unacceptable. The wing pressure distribution
for the n = 0.418 station is shown in figure 11. The steep
gradient caused by the upper surface shock wave (prop-off)
has been replaced by a more gradual pressure rise, and on the
lower surface, the suction peak has shifted rearward. The
upper-surface flow is visualized in the oil flow in figure 12.
This photograph shows a fairly large flow separation on the
inboard portion of the wing which is immersed in the slip-
stream. This is the region where the slipstream swirl increases
the local wing angle of attack causing the flow to separate.
The oil flow photographs (figs. 10 and 12) and the pressure
distributions do not show any evidence of a strong flow
interaction at the first row of pressure taps outboard of the
nacelle at n = 0.544. However, the oil flows of the outboard

wing-nacelle juncture do indicate flow problems. Figures 10
and 12 both show what appears to be a streamwise vortex
that is attached to the wing upper surface near the outboard
juncture. Another vortex can be seen at the inboard juncture.
The shedding of vorticity here is in qualitative agreement
with the loss of wing lift in the vicinity of the nacelle. This
nacelle-induced lift loss is illustrated by the span loadings
shown in figure 13. In a prop-off test of the baseline wing/
nacelle, a curved fillet and strake were added at the inboard
and outboard junctures, respectively, in an attempt to clean
up the flow in these areas. Test results reported in refer-
ence 6 show that each one resulted in a reduction in drag of
about 9 counts with essentially no change in the lift. This
indicates that the fillet and strake cause a chordwise redistri-
bution of the pressures which yielded a reduction in drag.

The strong interactions produced by the baseline nacelle
on the inboard wing panel and along the outboard juncture
are further aggravated by the propfan slipstream and render
the baseline configuration highly inefficient for M_, = 0.8
cruise. Hence, design modifications were required to improve
performance. The occurrence of premature drag rise on the
inboard wing panel suggests a need to reduce airfoil
thickness-to-chord ratio in that area. The loss in wing lift
induced by the nacelle suggests that recontouring of the
nacelle shape might be beneficial. The redesign process and
the resulting improvements in the installed aerodynamics
are summarized in the foilowing seciions. A more compiete
description of this process and a definition of the final con-
figuration is given in reference 9.

Wing redesign— The objective of the wing redesign process
was to define a new wing shape having pressure distributions
in the presence of the nacelle and slipstream which would
approach the pressure distributions of the clean wing. Altera-
tions were confined to the leading-edge region back to the
quarter-chord line in order to preserve the structural integrity
of the wind tunnel model. The Jameson FLO22 code was
used for the three-dimensional wing analysis. A FLO22
analysis of the baseline wing was reported in reference 10
and is referred to therein as case 6. New airfoil section shapes
were derived for the inboard wing panel using a two-
dimensional full-potential transonic code. For this basic
design task, the free-stream flow input for each section was
composed of the three-dimensional local onset velocity plus
the slipstream velocity components. The two-dimensional
section is then taken in the plane of the resultant velocity.
Thus, the important effects of slipstream swirl and incremen-
tal Mach number were included in the design of the new
sections. Similarly, for the three-dimensional analysis, the
slipstream swirl was modeled by adjusting the local wing
twist, whereas the free-stream Mach number was increased by
the slipstream Mach number increment. The slipstream
velocity components used in both of these procedures were
measured in the slipstream of an isolated SR-2 propfan and
were reported in reference 11. The new two-dimensional



sections were 15% longer than the original sections were
which resulted in a forward extension of the leading edge. A
trailing-edge extension was not used because of its expected
tendency to unsweep the wing isobars.

Because the effects of the fuselage and nacelle could not
be included in the analysis, the most desirable shape for the
new analysis-generated upper-surface pressure distribution
must provide some margin for these perturbations which
cannot be taken into account. To define a leading-edge-
extension (LEX) geometry which would provide this margin,
several candidate LEX geometries having various combina-
tions of were solved in the three-
dimensional analysis and their pressure distributions are
compared. The two most promising designs designated,
MOD 2 and MOD 3, are evaluated in reference 9, wherein
MOD 3 was shown to be best. The pressure distributions
from the three-dimensional analysis of the MOD 3 wing at
three spanwise locations are shown in figure 14 for
M,, = 08 and & = 1°. The accompanying wing sections
compare the modified and original section shapes in dimen-
sionless form. In this figure, the MOD 3 with and without
the simulated propeller slipstream are compared with the
original wing without slipstream. The upper surface pressure
distributions of the MOD 3 wing with slipstream provide
some margin for additional perturbations of the flow as indi-
cated by the difference between the modified and original
wing pressure distributions. The span station closest to the
nacelle has only a slight margin and it was anticipated that
this region of the wing might require filleting to further
extend the wing chord.
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Modified wing test— To incorporate the longer-chord
MOD 3 sections into the wind tunnel model, a LEX glove
was fabricated which fit over the leading edge of the existing
wing and extended back to the quarter-chord without alter-
ing the maximum thickness dimensions. The LEX in addition
to a fillet and strake, which were added later, are shown in
figure 15(a). A photograph of the installation is shown in
figure 15(b). The maximum thickness-to-chord ratio was
reduced to 87% of its original value. The model was tested
with the LEX at Mach numbers from 0.6 to 0.8 with and
without the propfan. Drag polars for both configurations are
shown in figure 16. The clean unmodified wing performance
is included for comparison. As before, the jet exhaust pres-
sure ratio (EPR) for the prop-off case (broken curves) was
matched to the prop-on case. At M = 0.6 the drag for
prop-on is lower than for prop-off in the cruise-lift range.
Thus, the incremental drag caused by the slipstream is nega-
tive. At higher speeds the prop-on polars move to the right
of the prop-off polars indicating an increase in the slipstream
drag with increasing Mach number. Figure 17 summarizes the
variation of nacelle and nacelle/prop drag increments with
Mach number for the MOD 3 wing at the cruise-lift condi-
tion of Cy = 0.5. The nacelle drag increment at M, =0.6 is
slightly higher than the corresponding increment for the
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unmodified wing (see fig. 8) because of the additional wetted
area of the LEX. The drag rise is nearly eliminated, however,
resulting in a reduction in the M, = 0.8 nacelle drag of about
15 counts. The M_, = 0.8 nacelle/prop drag is reduced from
79 counts (fig. 8) to 32 counts. The effect of the LEX on the
wing pressures is shown in figure 18 for wing station
n = 0.418, There is a substantial reduction in the pressure
peaks on both upper and lower surfaces. The oil flow photo-
graph of figure 19 shows only a weak shock with no separa-
tion on the inboard panel. Because of the modification, there
was no significant change in the outer wing panel pressures.
The effect of the propelier siipsticam on {he wing pressures
at station n = 0.418 is shown in figure 20. The effect is simi-
lar to the slipstream effect on the unmodified wing (see
fig. 11) for which added incidence caused by the slipstream
swirl produces higher pressures near the leading edge on the
lower surface. The character of the MOD 3 wing’s upper sur-
face pressure distribution is similar to that of the unmodified
configuration and indicates the presence of flow separation.
This separation is shown in the oil flow in figure 21(a). Fig-
ure 21(b) compares the separated areas for the MOD 3 and
baseline configurations. Note that the MOD 3 area is some-
what smaller than the baseline area is and results in lower
drag.

Finally, a fillet and strake were added to the MOD 3 con-
figuration and a limited amount of prop-on data was
acquired before a motor breakdown caused termination of
powered testing. The results are shown in figure 22 where the
nacelle/prop drag increments for all three configurations are
compared. The fillet/strake combination gave an additional
drag reduction of 13 counts at M, = 0.8 for a total installed
drag of 19 counts. This installation loss is considered to be
entirely acceptable in view of the isolated nacelle dr/ag of
20 counts. Furthermore, there is reason to expect further
drag reduction with the use of proper nacelle contouring.

The effect of the fillet and strake on the wing and nacelle
pressures is shown in figure 23. Inboard of the nacelle
(fig. 23(a)) the fillet has apparently eliminated the upper sur-
face separation as indicated by a much steeper pressure rise
which is characteristic of all the prop-off configurations
(figs. 9 and 20). Unfortunately, no oil flow is available to
confirm this. The pressures along the nacelle upper-surface
centerline (fig. 23(b)) have also been affected. Here, the
fillet/strake combination caused a forward shift in the suc-
tion peak. This shift would be expected to produce a reduc-
tion in nacelle pressure drag. The wing pressures outboard of
the nacelle (fig. 23(c)) show no significant change because of
the fillet/strake. This is a surprising result considering the
close proximity of station n = 0.544 to the strake.

Nacelle contouring— The second option used to reduce
installed drag is nacelle contouring. The objective of this
approach, described in reference 9, is to contour the central
axis of the nacelle to conform to the local streamlines. For
this work, an incompressible Neumann code described in




reference 12 was employed which permitted modeling of the
wing/body/nacelle combination including the exhaust wake.
The streamlines of the clean wing were first computed. Next,
the centers of the nacelle cross sections were shifted to con-
form to the flow streamlines. Because of the strong upwash
ahead of the wing leading edge, this process caused a large
downward displacement of the nacelle forebody relative to
the afterbody. The nacelle was, therefore, translated upward
to an over-the-wing position to restore propeller ground
clearance. Finally, the complete wing/body/OTW nacelle was
analyzed to assess the impact of the modification. The result-
ing nacelle shape is shown in figure 24. For comparison pur-
poses, the baseline nacelle was also analyzed using the same
method. Wing pressure distributions for the baseline and con-
toured nacelle/wing configurations are presented in figure 25.
Pressures for the clean wing are included as the basis of the
comparison. Inboard of the nacelle (n = 0.432), the leading
edge suction peak is greatly reduced for the contoured
nacelle and the local lift loading has been increased. QOut-
board of the nacelle (n = 0.527), there is very little change in
the pressure peak. Span loadings generated by integrating the
chordwise pressure distributions are shown in figure 26. The
loading predicted for the contoured nacelle does not exhibit
a lift deficit such as that shown for the baseline configura-
tion, thus substantiating the anticipated benefit of
contouring,.

In the present tests, an unpowered version of this con-
toured nacelle was tested using a solid body to simulate the
exhaust plume. Wing pressure distributions were measured on
this model and are plotted in figure 27 along with corre-
sponding pressures for the baseline configuration. These test
data, at o = 2°, indicated lifts (CL = (.5) comparable to the
a = 1° results predicted by the inviscid analysis presented in
figures 25 and 26. The test data for the contoured nacelle
show some reduction in the leading-edge suction peak,
although not nearly as much as was predicted. There is, how-
ever, a substantial increase in the local lift loading inboard of
the nacelle as was predicted. Span loadings derived from mea-
sured pressures for the two nacelle configurations and the
clean wing are presented in figure 28. Note the close similar-
ity between the contoured nacelle and clean wing loadings at
M, = 0.8 as well as at M_, = 0.6. Based on this experimental
validation of the contoured nacelle design, it was selected for
powered testing in a subsequent test.

Longitudinal Stability

The addition of a tractor-propeller power plant to the
wing of an aircraft is expected to reduce aircraft longitudinal
stability as a result of the lift forces produced by the power
plant, mainly by the prop, acting ahead of the airplane c. g.
If such a decrease in stability is accompanied by a negative
shift in the zero-lift pitching moment (Cyy,), the trim drag
will be increased, thereby degrading trimmed aerodynamic
performance. On the present model, the prop shaft has been

drooped 3.75° so that the blade cyclic bending stress is mini-
mized at the cruise condition. The method used to arrive at
this shaft position is reported in reference 13. With this pro-
peller alignment, the propeller lift force is negative at zero
airplane lift; hence, an undesirable negative Cmo shift is
expected.

The following sections describe the effects of adding the
nacelle, the prop, and power on the static longitudinal stabil-
ity characteristics.

Pitching moments— The M, = 0.8 pitching-moment char-
acteristics measured on the present model are plotted in
figures 29(a) and (b) for the baseline and MOD 3-wing con-
figurations with the basic wing/body data shown for compar-
ison, Power-off and power-on characteristics are compared in
figures 29(c) and (d). The a.c. locations and zero-lift pitching
moment determined from such pitching-moment curves are
summarized in figure 30 for the test Mach number range. For
the baseline configuration, adding the nacelle decreased the
static margin, as indicated by the small increase in de/dCL,
but had little effect on the Gy, at M, = 0.8. Adding the
prop, however, causes a substantial negative Cpy,, shift of
about -0.04. At lower Mach numbers the shift caused by the
nacelle is significant, as shown by the Gy, curves of
figure 30, but it is not nearly as large as the one caused by
the prop. The moment curves for prop-on and prop-off cross
at Cy = 0.5, indicating zero propeller lift at that condition.
Similar effects are present in the MOD 3 data (figs. 29(b)
and 30). The addition of the LEX produces an even more
unstable static margin, and more negative Cyy,, shift. Again,
for the MOD 3-wing configuration, as for the baseline, the
prop causes the major share of the total negative Cp,, shift.
The additional trim drag caused by a Cp,, shift of the mag-
nitude (-0.05) exhibited in figure 30 has been estimated at
2 counts which is between 0.5% and 1% of the total air-
plane drag.

Comparison of pitching-moment curves for cruise power
and for prop windmilling (fig. 29(c) or fig. 29(d)) shows the
combined effects of propeller power and jet exhaust. A sig-
nificant decrease in static margin for power-off is noted for
both the baseline and for MOD 3 configurations. The prop-
off data also shown in figures 29(c) and (d) exhibit a similar
loss in stability when the jet is turned off. Thus, the effect of
propeller power has no significant effect on stability, but the
exhaust exit located at midchord beneath the wing produces
an undersirable loss of stability for the engine-out case.

Propeller increments— Lift- and pitching-moment incre-
ments caused by the propeller have been obtained by differ-
encing prop-on and prop-off configurations. Such increments
include the lift and moment induced on the wing by the slip-
stream as well as by the direct propeller lift and moment.
The variation of these increments with angle of attack for
M, = 0.75 at the cruise thrust coefficient CT,oq = 0.032 is
presented in figure 31. The moment increment exhibits a




substantial and nearly linear increase with angle of attack,
whereas the 1ift increment is nearly constant. The moment
variation is consistent with an expected linear variation of
direct propeller lift. The nearly-constant lift increment sug-
gests that a lift component is being induced on the wing, by
the prop downwash, in opposition to the direct propeller
lift.

The significant magnitude of the propeller contribution to
the pitching moment makes an accurate propeller lift predic-
tion method necessary to properly assess the overall perfor-
mance of the configuration. Reference 14 describes a theory
for propeller lift and presents charts for rapid determination
of lift for several propeller designs. One of these designs,
NACA 10-3062-045, is closely similar to the SR-2 propfan in
blade planform, and its charts were used to estimate the lift
for SR-2. The charts apply to various solidities up to 0.25,
and these were extrapolated to the SR-2 value of 0.5. This
extreme degree of extrapolation was not expected to provide
more than a rough approximation. The direct lift and pitch-
ing moment calculated for an isolated SR-2 prop have been
plotted on figure 31. The excellent agreement with the mea-
sured moment data is remarkable considering the crude
extrapolation of the theory. The measured lift increments are
not comparable to the calculated direct propeller lift because
of slipstream-induced effects present in the measured data.

Three induced effects are expected to occur on the sec-
tion of the wing immersed in the slipstream. In addition to
the downwash-induced lift discussed previously, there is an
augmentation of wing lift caused by the slipstream velocity
increment. Furthermore, because the inboard leading edge is
closer to the prop than the outboard section (caused by
sweep), an increment in lift caused by swirl is induced. The
latter two thrust-dependent effects can be separated from the
downwash effect by examining the incremental lift at that
attitude for zero-direct propeller lift, namely a = 2°. The
increments for @ = 2° are plotted versus thrust in figure 32.
This exhibit of the lift increments shows a roughly-linear
increase with thrust as expected. The MOD 3 wing produces
a much greater effect than the baseline wing. This is to be

expected since the inboard leading edge of the MOD 3 wing
lies closer to the prop and so creates a greater swirl-induced
lift. The pitching-moment increments are nearly zero over
the thrust range from windmill to cruise power.

CONCLUSIONS AND RECOMMENDATIONS

The results of tests to study the installation characteristics
of wing-mounted propfans on M = 0.8 transports lead to the
following conclusions:

1. The addition of a propfan power plant to a supercriti-
cal wing can cause strong flow disturbances resulting in
unacceptably high power-plant installation drag.

2. The application of available design methods to account
for nacelle and slipstream perturbations provided new designs
with substantial aerodynamic improvements over the baseline
configuration. These designs included:

a. A modified-wing configuration incorporating a
leading-edge extension which reduced the power-plant
installed drag from 20% to 5% of total airplane drag.

b. A contoured over-the-wing nacelle which greatly
reduced the lift loss caused by the straight under-the-wing
nacelle.

3. Wing-mounted propfans are longitudinally destabilizing
and may cause a negative Cp,, shift, a combination which
can adversely affect trimmed aerodynamic performance. No
adverse effects of propeller power on stability were found,
although the present location of the jet exhaust exit was
found to cause a loss in stability for the engine-out
condition.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, CA, 94035, April 3, 1986




APPENDIX

DEFINITION OF TERMS

D, basic drag of airplane less propulsion system, kN

AD installed propeller propulsion system drag, kN

€ installed fan propulsion system drag as a fraction of
D,

Dot total airplane drag, kN

TSFC  thrust specific fuel consumption, kg/kN-sec

W fuel flow rate (equals D, 4 X TSFC), kg/sec

Subscripts:

F denotes fan-powered airplane

P denotes propeller-powered airplane

DERIVATION OF FUEL SENSITIVITY EQUATIONS

The reduction in fuel consumption for the propeller air-
plane may be expressed as a fraction of the fan airplane fuel
consumption as follows:

We-W W
AW = —fT—P— or 1- —P
W W

Substituting for the fuel flow rates gives:

. Dy, X TSFCp
AW=1-

(1+eD, X TSFCp,

and using Dtotp = AD + D, to substitute for D, gives

AW=1-
DtotP -AD (1+€)TSFCp
and rearranging gives:
; i TSFCp
AW=1-
1- AD/DtotP 1+ e)TSFCF

(A1)

(A2)

(A3)

(A4)

Given a value of the propeller system drag fraction,
AD/DtotP, and its corresponding AW, equation (A4) permits
calculation of [TSFCp/(1 + €)TSFCg] which is, thereafter,
treated as a constant. This constant is then used to calculate

AW for any other values of AD/DtotP'
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Figure 1.— Effect of installation loss on propfan fuel savings
relative to a turbofan having installed thrust specific fuel
consumption of 0.01886 Kg/KN-sec.
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